Internal repetition within proteins has been a successful strategem on multiple separate occasions throughout evolution. Such protein repeats possess regular secondary structures and form multirepeat assemblies in three dimensions of diverse sizes and functions. In general, however, internal repetition affords a protein enhanced evolutionary prospects due to an enlargement of its available binding surface area. Constraints on sequence conservation appear to be relatively lax, due to binding functions ensuing from multiple, rather than, single repeats. Considerable sequence divergence as well as the short lengths of sequence repeats mean that repeat detection can be a particularly arduous task. We also consider the conundrum of how multiple repeats, which show strong structural and functional interdependencies, ever evolved from a single repeat ancestor. In this review, we illustrate each of these points by referring to six prolific repeat types (repeats in ␤-propellers and ␤-trefoils and tetratricopeptide, ankyrin, armadillo/HEAT, and leucine-rich repeats) and in other less-prolific but nonetheless interesting repeats.
INTRODUCTION
Past innovation in protein functions and structures is due, for the most part, to gene duplication (Ohno, 1970) . Duplication and recombination within a single gene have often given rise to non-overlapping regions of a protein sequence that share significant sequence similarity. Such repeats are relatively common, occurring in at least 14% of all proteins . Repeats vary considerably from short amino acid repetitions, for example, the polyglutamine tracts of the Huntington disease gene product huntingtin, to large repetitions containing multiple domains, such as in the cytoskeletal protein titin.
In this review, we concentrate on sequence repeats that occur tandemly in sequence and that form integrated assemblies when viewed as three-dimensional structures. Such repeats are essentially defined by their multiplicity and thus differ from both domains and motifs since these can occur singly. The importance of repeats in understanding biological function resides not only in their high frequency among known sequences, but also in their abilities to confer multiple binding and structural roles on proteins. This functional versatility is apparent not only among different repeat types, but also for similar repeats from the same family. Our understanding of repeats, with respect to their structures, functions, and evolution, therefore represents a considerable challenge. How are we able to predict repeats within protein sequences? What are the relationships between repeats and their functions? In this review we describe six major repeat classes and their functions, structures, and possible evolutionary mechanisms. We attempt to describe how repeat identification can be linked to enhanced biological knowledge.
EVOLUTION OF REPEATS
Repeats are thought to arise via intragenic duplication and recombination events. Selective advantage of multiple repeats results in these mutations being fixed among populations. With the benefit of hindsight and the large numbers of sequences known, it is clear that repetitions of small structural units might confer several advantages on proteins, and thereon to their organisms, that are distinct from those of repeated domains. For example, tandemly repeated structures often occur in regular arrangements, either in linear arrays (e.g., see Iafp in Fig. 1 ) or as a superhelix with repeats arranged about a common axis (e.g., see HEAT in Fig. 1 ). For such "open" structures there is no theoretical limit on their repeat number, since incremental addition of repeats is not sterically impeded. These rod-like or superhelical structures present an extensive sol-vent-accessible surface that is well suited to binding large substrates such as proteins and nucleic acids.
By contrast, duplication of repeats in a superhelix with a small pitch results in a closed barrel-like structure, with a relatively small surface area available for ligand interactions with smaller ligands (e.g., see Kelch in Fig. 1 ). These assemblies are likely to present different advantages than the open structures of rods and superhelices. They are compact and stable, with opportunities for small ligands to be bound either along the internal axis of the barrel or on the axis at the barrel's periphery.
Following fixation of a repeat duplication, sequence similarities among repeats may erode quickly. Thus equivalent HEAT repeats in invertebrate and mammalian orthologues average only 13% sequence identity (Andrade et al., 2001) . These slight similarities imply that the functional constraints on individual repeats are relatively weak, when compared to the constraints imposed on the repeat assembly as a whole. By contrast, a function that is exacting on the structure of repeats, such as those in the ice-binding ␤-sheet domain of insect antifreeze proteins (Liou et al., 2000) , results in repeats being highly similar in sequence.
The numbers of repeats can vary even between orthologues, indicating that rapid loss and/or gain of repeats occurs frequently in evolution. This is neatly underscored by the demonstration that different alleles of a protein from the fungus Podospora anserina possess different numbers of WD40 repeats (Saupe et al., 1995) .
As we discuss below when describing major repeat classes, the most common function of repeat ensembles is that of binding to proteins. Such a property provides opportunities for the organism to expand its repertoire of cellular functions, such as protein transport, protein-complex assembly, and protein regulation using preexisting genetic material. Accordingly, even though the ability to generate repeats appears to be a general phenomenon of all phyla, repeats are more common in eukaryotic organisms than in prokaryotic ones and in metazoans more than in the rest of the eukaryotes (see Table I ). This may be associated with the increasing complexity of cellular functions that are readily available from assemblies of repeats.
DETECTION OF REPEATS
Identifying tandem repeats with high sequence similarities is relatively straightforward. Detecting homologous repeats whose similarities are low, however, represents a more considerable challenge. Compounding this is the issue of defining the boundaries of repeats. In some cases repeat boundaries may be assigned from the positions of flanking domains or repeats or from bona fide protein termini. Frequently the boundaries are predicted simply from an expectation that repeats occur in integer multiples and that homologues' repeat boundaries are always coincident.
Unfortunately repeats can occur in noninteger multiples and their boundaries often do not coincide. For example, arrays of bihelical repeats may consist of an integer number of helices 1-2, with a single additional flanking helix (helix 2 at the N-terminus or helix 1 at the C-terminus) representing a "halfrepeat." Repeats in closed ␤-propeller barrel structures do occur only in integer multiples but often do not exactly correspond to the repeats seen in structure. This is due to the circular permutation of the sequence repeats with respect to the structure repeats.
FIG. 1.
Tertiary structures of several proteins with structural repeats. Alternating repeats are shown in different colours. Kelch is the galactose oxidase from D. dendroides (Ito et al., 1991) and Fgf is the acidic fibroblast growth factor from H. sapiens (Eriksson et al., 1993) ; these are examples of different closed structures, a ␤-barrel and a ␤-trefoil, repectively. TPR is a fragment of the human protein phosphatase 5 (Das et al., 1998) . HEAT is the protein phosphatase 2A PR65/A from H. sapiens, which is an open solenoid-like structure (see text) (Groves et al., 1999) . LRR is the porcine ribonuclease inhibitor complexed with the ribonuclease (Kobe and Deisenhofer, 1995) . Fib corresponds to the adenovirus fibre protein from the human adenovirus type 2 (van Raiij et al., 1999) ; the two views of the structure show a triple ␤ spiral (Table III) . Iafp is the insect antifreeze protein from Tenebrio molitor (Liou et al., 2000) , a small all ␤ protein (Table  III) . ANK is a fragment of the of the ␤-subunit of the of the GA-binding protein from mouse (Batchelor et al., 1998) complexed with the ␣-subunit and 21 bp of DNA. The corresponding PDB identifiers are Kelch, 1gof. Fgf, chain A from 2afg. TPR, 1a17. HEAT, chain A from1b3u. LRR, chain I from 1dfj. Fib, chain A from 1qiu, Iafp, chain A from 1ezg. ANK, chain B from 1awc. Nevertheless, repeat detection has become considerably easier in recent years due to the advent of Web-based resources, such as SMART (smart. embl-heidelberg.de; Schultz et al., 1998) and Pfam (www.sanger.ac.uk/Pfam; Bateman et al., 2000) , both of which perform well in predicting frequently occurring repeats. A new server, REP (www. embl-heidelberg.de/ϳandrade/papers/rep/search. html, Andrade et al., 2000) , also is proficient in detecting common repeats. It is emphasised that, due to the problems outlined above, these and other methods are unable to predict all repeats with complete accuracy.
Identifying repetitive regions of single protein sequences invariably involves the analysis of suboptimal alignments. An optimal alignment of a sequence (with i amino acids) is the path with the highest associated alignment score taken through the i ϫ i trace matrix. The first and subsequent suboptimal alignments are given by the next highest scoring paths. High-scoring paths can be visualized using Dotter (www.cgr.ki.se/cgr/groups/sonnhammer/ Dotter.html; Sonnhammer and Durbin, 1995) . Estimating whether such alignments represent past evolutionary duplication events or whether the internal sequence similarity arose simply by chance has, until recently, been a thorny issue. A classic approach to estimating the significance of sequence similarity has been to compare the alignment score to those generated by randomly shuffling the aligned sequences (McLachlan, 1983) . Useful implementations of this have recently been described Heger and Holm, 2000) .
MACAW (Schuler et al., 1991) can also be used to assess sequence similarity significance. By contrast to the aforementioned methods, MACAW provides probabilities P that the repeats have not arisen through chance alone. Here the sequence must be compared against itself and a search space used that is the square of the sequence length in amino acids. This method is not entirely satisfactory since it is not amenable to large-scale studies looking for internal repeats in more than one protein, and it considers only ungapped alignments.
One further elegant and statistically robust approach, which generates P values for suboptimal alignments, is provided in the Prospero/Ariadne suite (www.well.ox.ac.uk/ϳrmott/ariadne.html; Mott and Tribe, 1999; Mott, 2000) . This method accounts for variations in sequence composition and length in its derivation of P for gapped alignments and thus should be the method of choice in assessing the significance of internal sequence similarities.
The popular BLAST suite of programs (Altschul et al., 1997) , and in particular PSI-BLAST, may also be used to detect repeats. It is emphasized, however, that BLAST's statistics are provided on the basis of optimal, rather than suboptimal, alignments. Consequently, these statistics are not able to provide good estimates of either P or E, the number of proteins with associated (optimal) alignment scores greater than, or equal to, a score x expected purely by chance. The presence of repeats in a sequence used as a query in PSI-BLAST runs is indicated usually by: (1) the same region of the query being aligned against two distinct regions of a second protein with an associated E value less than about 10 or (2) different regions of the query being aligned against the same region of a second protein, again with E Ͻ 10.
Once the presence of repeats with statistically significant similarities in a protein has been established, it is appropriate to construct their multiple alignment. Further repeat homologues, identified by (PSI-) BLAST searches of databases (with an E value inclusion threshold E T ϭ 0.002, for inclusion in the profile used in the subsequent search iteration) using the original repeats as queries should be added to this alignment. The multiple alignment should be optimized by hand editing following guidelines given elsewhere (Bork and Gibson, 1996; Ponting and Birney, 2000) . From this alignment, a hidden Markov Model (HMM) may be constructed and compared with protein sequence databases using, for example, the HMMER suite (hmmer.wustl.edu; Eddy, 1998) . HMMER is appropriate for collating protein repeats since it successfully applies a heuristic strategy to detect bona fide repeats whose individual E values (for optimal alignment statistics) appear to be insignificant, but are deemed significant by combining the highest scores of other repeats in the protein. Repeats should be considered significant if their (per-sequence, rather than perrepeat) E values are less than 0.1.
Detection Example: New Repeats in Spindlin
As an example of detecting repeats, we describe an analysis of spindlin, a spindle-associated protein with roles in early mouse embryo development (Oh et al., 1997) . Repeats were detectable within spindlin using one or more of four methods. First, comparison of this sequence with itself using Dotter (Sonnhammer and Durbin, 1995) showed similarity not only along the diagonal (which represents an exact match of the sequence with itself) but also in off-diagonal positions (which represent similar, but nonidentical, regions) (Fig. 2a ). This suggests, but does not provide statistical evidence for, internal repeats within spindlin. Second, a gapped BLAST (Altschul et al., 1997) search of NCBI's nonredundant database using the Mus musculus spindlin sequence as a query revealed significant similarity to, among others, its orthologue in Mus spicilegus. The significant similarity again resided not only along the diagonal (E ϭ 6 ϫ 10 Ϫ63 ) but also in an offdiagonal second alignment (E ϭ 1 ϫ 10 Ϫ5 ). Third, self-comparison of the spindlin sequence using Prospero (Mott and Tribe, 1999) showed two off-diagonal regions of significant similarity (P ϭ 1.1 ϫ 10 Ϫ13 and 6.0 ϫ 10 Ϫ5 ). Last, a self-comparison of spindlin using MACAW (Schuler et al., 1991) revealed three pairs of ungapped alignment blocks with significant (6.9 ϫ 10 Ϫ9 , 5.2 ϫ 10 Ϫ5 and 6.2 ϫ 10
Ϫ3
) similarities (here, the relevant search space is the square of the number of amino acids in spindlin, 240
2 ). Once statistical significance of repeats was assured their sequences were multiply aligned (Fig.  2b ). For this, the boundaries of repeats needed to be assigned. In the case of the three spindlin repeats this was not particularly problematic since these together span the complete protein sequence. Thus, the N-terminal repeat boundary coincides with the protein's N-terminus and the C-terminal boundary coincides with the protein's C-terminus. For the sake of completeness, a HMM constructed from the spindlin repeats' multiple alignment was compared with current protein sequence databases using HMMER (Eddy, 1998) , but no further homologues were detected. The spindlin repeats appear to be all ␤-strand structures, but their functions remain unknown.
SIX MAJOR REPEAT FAMILIES
Many protein repeat families are known, each with different structures, functions, and phylogenetic distributions. For the purpose of this review, we have chosen to classify families according to their tertiary structures, although other ways of classification are of equal merit. The six repeat families we shall discuss (Table II) include two families each of the three major structural types: all-␤ (␤-propellers and ␤-trefoils), all ␣ structure (armadillo/HEAT and TPR-like repeats), and mixed ␣/␤ (leucine-rich and ankyrin repeats). These examples provide ample evidence for the evolutionary mechanisms of their propagation.
␤-Propellers
The WD40 repeat (Neer et al., 1994) is the most common repeat detected among known human proteins. These contain approximately 40 amino acids and include well-conserved Trp (W) and Asp (D) amino acids. The crystal structure of an assembly of seven WD40 repeats (e.g., Sondek et al., 1996) revealed that each repeat represents a four-stranded antiparallel ␤-sheet (a "blade") arranged radially in a "propeller" arrangement about a central axis. Such ␤-propeller structures are also seen in methylamine dehydrogenase heavy chain (PQQ repeats), regulator of chromosome condensation 1 (RCC1 repeats), and galactose oxidase (Kelch repeats) (each containing seven blades) and in neuraminidase (containing six blades) (reviewed in Murzin, 1992) .
In recent years several families of domains have been shown to adopt ␤-propeller structures with four, five, six, seven, or eight blades. These structures may be browsed using the SCOP resource (scop.mrc-lmb.cam.ac.uk/scop/; Lo Conte et al., 2000) . Several other families of repeats have also been predicted to adopt a propeller-like structure, for example, YWTD (Springer, 1998) and integrin ␣ subunits (Springer, 1997) .
␤-Propeller structures are closed structures with interactions between the N-and C-terminal repeats. As described previously, the periodicities of some ␤-propeller repeats do not exactly match the periodicities of their repeats structures. In these cases the sequence repeat is circularly permuted with respect to the structural repeat. A "Velcro" model of closure of propellers has been proposed (Neer and Smith, 1996) , with one of the blades being formed from ␤-strands from both the most N-terminal and the most C-terminal of sequence repeats.
Repeat families commonly represent either enzymes or nonenzymes, but rarely both. It is unusual therefore that some ␤-propellers are enzymes, whereas others are not. Whether catalytic or not, ␤-propellers have a significant preference for binding proteins and other ligands along the propeller axis at the surface formed by the N-termini of interior ␤-strands (Russell et al., 1998) . This observation of a ligand-binding "supersite" in ␤-propellers was recently used to predict residues that contribute to the ligand-binding site of TolB (Ponting and Pallen, 1999a) . Not only was the prediction (Ponting and Pallen, 1999a ) of a ␤-propeller domain in TolB correct (Abergel et al., 1999) but also the predicted ligand-binding residues (in the loops between ␤-strands 2 and 3, and 4 and 1, Fig. 3 ) were found to correlate with experimentally derived functional residues (Ray et al., 2000) (Fig. 3) . This demonstrates that supersite information can be used to predict binding-sites even in the absence of tertiary structure data.
Recent studies indicate that the ␤-propellers of multidomain proteases may directly select substrates by size exclusion. The crystal structure of the prolyl oligopeptidase ␤-propeller domain shows that it lacks the usual "Velcro" of a blade formed by Nand C-terminal ␤-strands (Fü löp et al., 1998) . Instead, the terminal blades associate only via hydrophobic interactions. The enzyme's active site, which cleaves substrates no longer than 30 amino acids, faces the narrow (ϳ4 Å) entrance of the propeller. It is proposed that this entrance is enlarged by the "breathing" of the propeller between the first and last blades. The size of the enlarged entrance is thought to act to exclude large substrates, thereby preferentially specifying the small (Ͻ30 amino acid) polypeptide substrates. By analogy, a similar mechanism has been proposed for the ␤-propeller domain of the tricorn protease (Ponting and Pallen, 1999b) .
␤-Trefoils
Another all ␤-sheet "closed" structure with internal repeats is the ␤-trefoil. This fold is found in known tertiary structures of fibroblast growth fac -FIG. 3 . Prediction of a supersite in TolB. Sequence analysis indicated the presence of a ␤-propeller domain in TolB (Ponting and Pallen, 1999a) . On the basis of supersite information (Russell et al., 1998) , the binding site of TolB was mapped from other ␤-propeller heterodimer structures onto the multiple alignment (alignment positions marked with asterisks). This prediction corresponds well with several amino acids involved in suppressor mutations of pal A88V (Ray et al., 2000) .
tors (FGFs), interleukin-1s, Kunitz soybean trypsin inhibitors, ricin-like toxins, plant agglutinins, and hisactophilin-like actin-bundling proteins (Murzin et al., 1992; Ponting and Russell, 2000) . By contrast to the ␤-propellers, however, ␤-trefoils do not appear to possess a "supersite" since members of the fold family often bind their respective protein ligands in different topological locations (Russell et al., 1998) . Consequently, predictions of binding sites, such as those described above for ␤-propellers, are not plausible.
A recent study of ␤-trefoil structures and sequences (Ponting and Russell, 2000) provides insights into the evolution of closed repeat assemblies. The ␤-trefoil fold consists of six two-stranded ␤-hairpins, three of which form a barrel structure, while the remaining three form a triangular cap on the barrel (Murzin et al., 1992) . Three pairs of these two-stranded ␤-hairpins can be seen as repeats in the crystal structures, but are not immediately apparent from their sequences. The recent more detailed analysis, however, demonstrated the presence of four ␤-trefoils in the actin-binding proteins fascins and showed that the internal triplications within each of the ␤-trefoils are significantly similar in sequence.
This indicates that the three internal repeats in fascin ␤-trefoils arose not via convergent evolution but instead by divergence from a single repeat common ancestor. As a protein possessing only a single repeat is unlikely to be stable as a monomer, perhaps the most parsimonious explanation for the evolution of the ␤-trefoil triplicated repeat is that a homotrimer-forming progenitor repeat underwent successive gene duplication events giving rise to a three-repeat-containing monomer. We return to this issue at the end of this review.
TPR-Like
Tetratricopeptide repeats contain approximately 34 amino acids arranged in two ␣-helices that are packed together in a knobs-in-holes manner (Sikorski et al., 1990; Lamb et al., 1995) . Convergent evolution of TPRs is unlikely given its relatively strong conservation of sequence. The TPR is likely to be an ancient repeat since it is found in eukarya, bacteria, and archaea (Ponting et al., 1999) . Multiple TPRs form a right-handed superhelix (Das et al., 1998) with a groove of large surface area available for ligand binding. This groove is employed in the binding of molecular chaperone Hsp70's C-terminal tail (Scheufler et al., 2000) . By contrast the groove is not used for molecular recognition by the TPRs of p67 phox (Lapouge et al., 2000) . Thus TPR assemblies show multiple modes of ligand binding and do not appear to possess a single supersite.
TPRs come in many different flavours that form distinct sequence subfamilies. These include repeats in: kinesin light chains (Ginhart and Goldstein, 1996) , SNAP secretory proteins (Ordway et al., 1994) , clathrin heavy chains, and bacterial aspartylphosphate phosphatases (Andrade et al., 2000) . Indepth studies of helical repeats (Andrade et al., 2000; Ponting, 2000) also show that repeat families, such as HAT repeats (Preker and Keller, 1998) , protein farnesyl transferase ␣-subunit repeats (Boguski et al., 1992) , and Sel-1 repeats are distant homologues of TPRs. These sequence-based studies indicate that the characteristic bihelical TPR has proliferated as a result of its ability to acquire multiple functional roles. However, the prediction of these different roles solely on the basis of sequence currently remains elusive.
Ankyrin
These repeats take their name from one of the proteins in which they were first found, the human erythrocyte protein ankyrin (Lux et al., 1990) . Each repeat contains approximately 33 residues and forms an L-shaped structure consisting of two antiparallel ␣-helices followed by a ␤ hairpin (Gorina and Pavletich, 1996) . The hairpins of different repeats pack tightly together forming an anti-parallel ␤-sheet. Hydrophobic residues in the ␣-helices form complementary nonpolar surfaces that assemble forming an extended helical bundle. Additional hydrogen bonds between residues of adjacent repeats contribute to further stabilization of the ensemble. The smaller sizes of the side chains lining the inner ␣-helices, and the left-handed twist of the stacking, produce a characteristic solvent-accessible groove (Sedgwick and Smerdon, 1999) .
The function of the ankyrin repeats is to bind other proteins but they do not bind a single class of proteins. For example, several structures show ankyrin repeats complexed with another proteins (reviewed in Swedgwick and Smerdon, 1999), such as p53 (a nuclear tumour suppressor), CDK6 (cell division protein kinase), and p65 (a transcriptional regulator). Other known cases are the interaction between the development protein Notch and deltex (a cytoplasmic protein) (Diederich et al., 1994) and the interaction between the noncatalytic subunit M130 and the catalytic subunit PP1c of the smooth muscle myosin phosphatase (Hirano et al., 1997) .
These tertiary structures of complexes show that although there is considerable sequence variation at the heterodimer interface, the interactions involve the extended groove formed by the anti-parallel ␤-sheet (Sedgwick and Smerdon, 1999) . This mechanism is similar to that observed in armadillo and HEAT repeats.
Ankyrin repeats are present in a large number of protein families, including transcription factors, development regulators, cytoskeletal proteins, and toxins. Sequence and taxonomic analysis of these repeats suggests that their phyletic propagation between eukaryotes, bacteria, and viruses has involved multiple events of horizontal gene transfer (Bork, 1993) . For example, the only archaeal sequence currently known to have these repeats (possibly five copies) is a Thermoplasma acidophilum hypothetical sequence (SPTREMBL code Q9HLN1) that is more similar to other eukaryotic sequences than to any archaeal sequence.
Armadillo/HEAT
Armadillo repeats (Peifer et al., 1994) were first identified in the product of the eponymous D. melanogaster segment polarity gene (Riggleman et al., 1989) . They were later found in several eukaryotic proteins, including the junctional plaque protein plakoglobin, ␤-catenin, the tumour suppressor adenomatous polyposis coli, and the nuclear transport factor importin-␣, among others.
HEAT repeats derive their name from four diverse eukaryotic proteins in which they were first identified: huntingtin (involved in Huntington's disease), elongation factor 3, PR65/A subunit of protein phosphatase A, and the TOR (target of rapamycin) (Andrade and Bork, 1995) . It is also present in importins ␤1 and ␤2 (with a Ran-binding function), in proteins related to the clathrin-associated adaptor complex (Andrade and Bork, 1995) , in the microtubule-binding colonic and hepatic tumor-related protein (CTOG) family (Andrade et al., 2000) and in many other proteins related to chromosome dynamics (Neuwald and Hirano, 2000) .
Armadillo repeats consist of three ␣Ϫhelices. The first of these is short (about eight amino acids long) and lies perpendicular to the other two, longer, ␣-helices that pack against one another. HEAT repeats have two anti-parallel ␣Ϫhelices. The first HEAT helix has a kink (of variable extent) that makes it equivalent to both the first and the second helices of armadillo repeats. The C-terminal helices of both armadillo and HEAT repeats are also superimposable. The parallel stacking of repeat units forms a solenoid. Depending on the structure, these solenoids may have different degrees of curvature but all exhibit a groove formed by the last helix of each repeat. As in ankyrins, protein-protein interactions have been seen to occur within this groove. The binding of importin-␣ by importin-␤ (Cingolani et al., 1999) , Ran GTP by transportin (Chook et al., 1999) , and nuclear localization signal peptides by importin-␣ (Conti et al., 1998) all exhibit binding sites within this groove. However, protein recognition can also occur on the opposite end of the solenoid, as with the binding of FxFG nucleoporin repeats by importin-␤ (Bayliss et al., 2000) . Further similarities between Armadillo and HEAT repeat families include a series of conserved residues that form the repeats' hydrophobic cores (Andrade et al., 2001) .
In some cases sequence and structural features can distinguish between different variants of these repeats (discussed in Andrade et al., 2001) . For example, for the HEAT repeats of the PR65/A subunit of protein phosphatase A, charged residues in the loop linking the repeats' ␣Ϫhelices were shown to form a ladder of electrostatic interactions between adjacent repeats (Groves et al., 1999) . These are also present in the HEAT repeats of elongation factor 3, but not in those of importin-␤. A conserved asparagine in the last helix of armadillo repeats is involved in protein-protein contacts, such as recognition of the nuclear localization signal by importin-␣ (Conti et al., 1998) . This conserved asparagine is absent in HEAT repeats.
A common phylogenetic origin (homology) for the armadillo and HEAT repeats present in the nuclear protein transport complex has been proposed (Malik et al., 1997; Cingolani et al., 1999) . Other repeat families are known which exhibit considerable structural similarity to armadillo/HEAT repeats but show no detectable sequence similarity. These include the all helical structures of VHS domains (Lohi and Lehto, 1998; Mao et al., 2000) and regions of phosphoinositide 3-kinase ␥ (Walker et al., 1999) and eukaryotic initiation factor 4G (Marcotrigiano et al., 2001) . Without additional evidence, divergent and convergent evolution of HEAT/Armadillo repeats and these structures appear equally plausible.
Leucine-Rich Repeats
Leucine-rich repeats (Kobe and Deisenhofer, 1994 ) (LRRs) are relatively short in comparison to other repeat families, with lengths of about 20 amino acids. They are associated with an astonishing variety of functions, including signal transduction, transmembrane receptors, DNA repair, cell adhesion, and extracellular matrix proteins. They are also not restricted to eukaryotes, since bacterial and viral versions are known. The common function among LRRs is that they form complexes with other proteins. For example, the LRRs of ribonuclease A inhibitor bind to ribonuclease A (Kobe and Deisenhofer, 1995) , LRRs of the extracellular matrix leucine-rich repeat glycoprotein/proteoglycan family (Iozzo, 1998) interact with transforming growth factor ␤ (Hildebrand et al., 1994) and collagen (Svenson et al., 2000) , LRRs of platelet glycoproteins associate with thrombin and von Willebrand factor (Shen et al., 2000) , and LRRs of plant disease resistance gene products form a pathogen-recognition domain (Van Der Biezen and Jones, 1998).
The first crystal structures of LRRs showed each repeat to contain a ␤-strand and an ␣-helix that are oriented in an antiparallel manner (Kobe and Deisenhofer, 1995; Price et al., 1998) . The side-byside association of repeats builds an arch, with the ␤-strands forming the arch's interior harboring an extended protein-binding surface.
Somewhat surprisingly, later structures were found to be rather different. In particular, the structure of the Internalin B protein from Listeria monocytogenes also shows an array of ␤-strands, forming the inside surface of the arch, but its outside surface is composed of 3 10 , rather than ␣-, helices (Marino et al., 1999) .
The so-called leucine-rich-variant repeats of a hypothetical protein from Azotobacter vinelandii also assemble as an arch, but with an ␣-helix on its inside and a 3 10 helix on its outside (Peters et al., 1996) . Furthermore, there is only slight sequence similarity to leucine-rich repeats in their patterns of conserved hydrophobic residues. Therefore, these repeats are unlikely to be homologues of leucine-rich repeats.
OTHER REPEAT FAMILIES
Other protein families are too numerous to describe here. Instead, in this section we shall discuss families that demonstrate important differences in structure, function, and evolution, when compared to ␤-propellers, ␤-trefoils, and TPRs, and ankyrin, ARM/HEAT and leucine-rich repeats (see Table III ).
Since these six repeat families form regular nonfibrous and monomeric structures, other repeat families that lack structure, that form rod-like structures or that form oligomers, will be discussed.
The fibronectin-binding repeats of staphylococcal proteins are known not to form a regular tertiary structure in solution (Penkett et al., 2000) . These are unusual in that they appear to only adopt a regular tertiary structure when bound to their ligand, the mammalian extracellular protein fibronectin. Their unfolded conformations may be linked to the bacterial proteins' abilities to evade both proteolytic and immune defenses of the mammalian hosts.
Many repeats form rigid linear arrays, or rods. A great number of these are oligomeric coiled-coil proteins containing between two and five amphipathic ␣-helices (Burkhard et al., 2001) . These long helices often wind about one another forming parallel lefthanded coiled coils. These structures contain characteristic seven-residue (heptad) repeats and may extend up to several tens of nanometers long.
By contrast to these fibrous proteins of ␣-structure, long filaments can be composed of repeated ␤-structures, such as in the adenovirus fiber protein (van Raaij et al., 1999) . The crystal structure of the shaft region of this protein shows that it forms homotrimers with close association of three two-strand repeating units (the "triple ␤-spiral fold") in the shaft. Consequently, beyond its construction from ␤-structure rather than from ␣-helices, it is similar to three-chain coiled-coil filaments.
Other repeat families provide additional insights into the evolution of repeated structures.
Filaments may also be built from short, few resi- Murzin et al. (1992) 40 ␤-Trefoil 2afg_A Eriksson et al. (1993) Eukaryotic-viral Development PF00167
Tetratricopeptide repeats Zhang et al. (1991) 34 ␣-␣ 1a17 Das et al. (1998) 
Eukaryotic-bacterialviral PPI PF00023
HEAT Andrade and Bork (1995) 47 ␣-␣ 1b3u_A Groves et al. (1999) Eukaryotic PPI None
Leucine-rich repeats Kobe and Deisenhofer (1994) 20 ␣-␤ 1dfj_I Kobe and Deisenhofer (1995) Eukaryotic-bacterial PPI PF00560
Note. Abbreviations used: Repeat, name of the repeat; Ref1, the original description and/or characterization of the repeat in the literature; L (length), average length of the repeat in amino acids; 3D, fold category; PDB, the PDB identifier of the structure shown in Ref2; Distribution, phyletic distribution of the repeat family; Function, summary of the function of the family (PPI, protein-protein interaction); Pfam, Identifier of the corresponding entry in the Pfam database. due, repeats. Spider silk proteins contain numerous glycine-rich repeats: GPGG(X) n ␤-turn spiral and GGX 3 10 helix repeats; here X, denotes any residue. Interestingly only a subset of silk protein genes contain introns, but these introns show even greater average sequence identity among themselves (87%) than do the exons (73%) (Hayashi and Lewis, 2000) . One explanation for this is that the coding regions have undergone accelerated evolution (Hill and Hastie, 1987) , due to extreme selective pressures arising from the importance of these genes to the spider's survival. Meanwhile, the conservation of introns is associated with rapid internal duplication of gene portions, due in part to slippage during replication. Thus, rapid internal gene duplications and mutation might also account, although to lesser extents, for many other repetitive proteins, including each of those discussed previously.
Flocculation in yeast is mediated, in part, by flocculins which, in Saccharomyces cerevisiae, contain at least four flocculin repeats. The only exception to this is YHR213w, whose hypothetical translation product contains a single flocculin repeat. Examination of the genomic sequence of yeast chromosome VIII around YHR213w indicates that the similarity to a neighboring flocculin gene (Flo5) extends beyond both the N-and C-terminal ends of the open reading frame over a number of stop codons. This is a clear indication of a pseudogene, and it is identified as such in a S. cerevisiae database (the Munich Information Centre for Protein Sequences, www.mips.biochem. mpg.de/proj/yeast/). This is an example where a possible error in the predicted gene structure may be highlighted when a conceptual translation of a genomic sequence presents an unusual domain architecture (defined as the sequential arrangement of domains, repeats, and motifs). The more pervasive functions displayed by repeat ensembles are catalysis and protein-protein recognition. However, a repetitive structure can be used for other different tasks. The multiplicity of repeats that mimick water structure is a good example of the functional flexibility that can be acquired via protein repeat evolution. On one hand, insect and plant proteins protect themselves from freezing using repeats that impede ice formation (Liou et al., 2000; Worrall et al., 1998) . On the other hand, bacterial proteins use different repeat types to favor the formation of ice as a mechanism of weakening an infected plant (Gurian-Sherman and Lindow, 1993) .
A more passive function is played by the repeats of the plant storage proteins, ␣-prolamins, First identified in maize zein proteins (Argos et al., 1982) these repeats are likely to form a layer of helices packed in an hexagonal arrangement . In this case, the structure of the repeat bears little relation to its organismal function, since it is the unusual composition of nitrogen-rich amino acids that is required for its seed germination properties.
The vault is a ribonuclear particle observed in higher and lower eukaryotes. Its function remains unclear, but its elevated expression in cancer lines seems to be related to multidrug resistance (Kickhoefer et al., 1998) . The whole molecule is hollow and this suggested that drugs may be sequestered from their targets inside the particle (Kong et al., 1999) ; 78% of the total mass of the particle is composed of 96 copies of the MVP (major vault protein, Vasu et al., 1993) . MVP homologues display seven copies of a 52-amino-acid repeat. These numbers resemble repeats present in ␤Ϫpropellers, in particular RCC1 repeats (Renault et al., 1998) , suggesting that MVP repeats may also form a similar closed structure.
CONCLUSIONS
Our survey of protein repeats has highlighted the multifunctionality of repeat types, their structural differences, and their proliferations in different evolutionary lineages. One likely reason for their evolutionary success is that repeat-containing proteins are relatively "cheap" to evolve. By this we mean that large and thermodynamically stable proteins may arise by the simple expedient of intragenic duplications, rather than the more complex processes of de novo ␣-helix and ␤-sheet creation. This is supported by the larger sizes of most repeat-containing structures relative to compact domains (Fig. 4) .
This does not, of course, present a complete answer to their success since it addresses the question of how repeat-containing proteins arose, rather than why they have been selected for and fixed in evolutionary lineages on so many separate occasions. As suggested throughout this review, the reasons for the functional successes of repeat classes may be a proclivity of repeat assemblies to acquire different molecular functions, namely, the association with different protein ligands. This, in turn, might be associated with the large solvent-accessible surface areas, presented by extended "open" assemblies, that are available for interactions with ligands. This is because burial of nonpolar residues at proteinprotein interfaces is thought to be an important contributor to heterodimer stability (Tsai et al., 1997) .
In understanding the evolution of repeats, one major problem remains. Repeats are defined as occurring multiply, and all repeats in a family are homologous. This means that these repeats all evolved from a common ancestor, which necessarily must have contained only a single repeat. This is apparently contradictory, since it is not expected   FIG. 4 . Distribution of domain size in known structures. The bold line indicates the average size of domains, of approximately 100 amino acids (Wheelan et al., 2000) . Repeats and their corresponding PDB codes are shown (from left to right). Closed structures: kelch, 1gof; glucose dehydrogenase-B, 1c9u; hemopexin, 1qjs; fibroblast growth factor, 2afg; open structures: LRR/typical, 1a9n; LRR/ribose inhibitor, 1a4y; LRV, 1lrv; TPR, 1al7; ankyrin, 1awc_B; armadillo, 1bk5; HEAT, 1b3u_A; VHS, 1elk_A; annexin, 1ain; adenovirus fibrous protein, 1qiu; IAFP, 1ezg. that a single repeat could exist in isolation, as a single folded functional unit. Rescue is at hand if one suggests that the family's common ancestor indeed represented a single repeat, but one that formed homooligomers. The homooligomeric structure of the ancestor might mirror that of the intrachain repetitive structure of its modern homologue, except in its multichain character. This scenario has recently been suggested for the evolution of the ␤-trefoil fold (Ponting and Russell, 2000) .
A problem with this proposal is that there are few, if any, known examples where homologous multirepeat assemblies are formed both from oligomers of single repeats and from a single chain of multiple repeats. However, this might not be too surprising since the highly cooperative process of folding a multirepeat protein must be significantly more favorable than folding a homooligomeric protein from its constituent monomers. This is because the kinetic folding pathways of multirepeat protein structures may be nucleated at many positions. In this way ancient oligomeric single repeat proteins might have been driven to extinction by their monomeric multiple repeat-containing homologues.
